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NASA TT F-11,694 

CHARACTERISTICS METHOD FOR COMPUTING T W O - D I M E N S I O N A L  
E Q U I L I B R I U M  AND PERFECT GAS VORTEX FLOWS 

Yu.  N .  D‘yakonov, L.  V .  Pchelkina and I .  D. Sandomirskaya 

ABSTRACT. 
and c h a r a c t e r i s t i c s  methods f o r  computing supersonic  flow 
regions,  the authors  propose and descr ibe  a possible scheme 
f o r  u s i n g  the c h a r a c t e r i s t i c s  method f o r  c o m p u t i n g  a s teady,  
two-dimensional vortex flow of a per fec t  gas ,  and par t icu-  
l a r l y  of an equi l ibr ium gas flow a t  M, = 6 past  b l u n t  
b o d i e s ,  T h e  scheme is  so designed a s  t o  b e  s u i t a b l e  f o r  
computerized solution w i t h  o r  w i t h o u t  taking equi l ibr ium 
physical-chemical react ions i n t o  considerat ion.  T h e  r e s u l t s  
of several  computerized so lu t ions  a r e  presented graphica l ly .  
Analysis o f  r e s u l t s  reveals  quan t i t a t ive  and q u a l i t a t i v e  
d i f f e r e n c e s  i n  gas flow pat terns  i n  vor tex layers  f o r  p l a n e  
and axisymmetric flows past  b l u n t e d  bod ies .  

After b r i e f l y  discussing t h e  meri ts  of t h e  nets 

A i r c r a f t  designed f o r  operat ion a t  high supersonic speeds genera l ly  have - /206l 
blunted aerodynamic form. As a supersonic gas stream flows around a body with 
blunted bow, a receding shock wave develops i n  f r o n t  of the  body, and t h e  flow 
i n  the  shock l aye r  i s  mixed i n  na ture  (Figure 1 ) :  near  the  bow por t ion ,  t h e r e  is  
an a rea  of subsonic v e l o c i t i e s  ABCD, closed by sonic  l i n e  CD; f u r t h e r ,  an a rea  
of  supersonic  flow a r i s e s .  
a c t e r i s t i c s  of d i f f e r e n t  s e t s )  s e t s  o f f  the  minimum area of inf luence.  
Calcu la t ion  of t h i s  type of flow generally includes two s t ages :  ca l cu la t ion  o f  
t h e  subsonic and t ransonic  a rea ,  and ca l cu la t ion  of t h e  purely supersonic  a rea ,  
which i s  performed using the  i n i t i a l  data produced as a r e s u l t  of  so lu t ion  o f  
t h e  f i r s t  s t age  of t h e  problem. 

Limiting c h a r a c t e r i s t i c  DE (or  two l imi t ing  char- 

In  c a l c u l a t i n g  t h e  supersonic  flow area  with zero and nonzero angles o f  
a t t a c k ,  t h e  most widely used methods i n  recent  times have been t h e  n e t s  method 
[l-51 and a method based on the  idea  of c h a r a c t e r i s t i c s  [6-121. 
noted t h a t  some methods ( p a r t i c u l a r l y  the methods of [8, 9 ,  111) using char- 
- - + - i c + i c s  r e l a t ionsh ips  i n  some form, e s s e n t i a l l y  occupy an intermediate  

I t  should be 

. ’ - -A +he r . ha rac t e r i s t i c s  method i t s e l f .  
In  many cases ,  t h e  ne t s  method has c e r t a i n  advantages over t h e  char- 

a c t e r i s t i c s  method: with an i d e n t i c a l  number of  ca l cu la t ion  po in t s ,  i t  is more 
economical ( p a r t i c u l a r l y  i n  solving three-dimensional problems), and is simple 
i n  i t s  log ic ;  t h e  r e s u l t s  produced a re  convenient f o r  ana lys i s  of  t h e  flow f i e l d  
of  t h e  gas i n  t h e  shock l aye r ,  s ince  they a r e  presented i n  layers  with pre-  
determined geometry; where necessary, depending on t h e  na ture  of  t h e  change i n  

’ Numbers i n  t h e  margin ind ica t e  pagination i n  the  foreign t ex t .  
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/207 - the  parameters,  t h e  s t e p  of t he  ne t  can be reduced with respec t  t o  c e r t a i n  
va r i ab le s  o r ,  on the  o the r  hand, increased i n  some por t ion  of t he  shock l aye r ,  
e t c .  

S t i l l ,  it should be  considered t h a t  the flow about a b lun t  body has a 
complex, nonanalyt ic  na tu re  with l a rge  gradients o f  t h e  gas parameters. 
c h a r a c t e r i s t i c  HL (see Figure 1)  beginning a t  t h e  po in t  of contac t  between t h e  
blunted t i p  and t h e  s t r a i g h t  l i n e  s e c t o r  of t he  contour,  d iv ides  t h e  supersonic  
a rea  i n t o  two p a r t s :  t h e  a rea  located t o  the r i g h t  of t h i s  c h a r a c t e r i s t i c  i s  an 
a rea  of  in f luence  of  t h e  s t r a i g h t  l i n e  surface,  while a rea  CDHL i s  the  po r t ion  
of t h e  supersonic  flow a rea  influenced by t h e  b lun t  t i p .  Since two e s s e n t i a l l y  
d i f f e r e n t  so lu t ions  are "stuck together" along c h a r a c t e r i s t i c  HL, t h e  first 
de r iva t ives  of  t h e  flow parameters a r e  discontinuous across  t h e  c h a r a c t e r i s t i c ,  
and the  gas dynamic func t ions  a r e  represented by broken curves.  
c h a r a c t e r i s t i c  i s  r e f l e c t e d  from t h e  head wave, two o the r  l i n e s  of weak discon- 
t i n u i t y  appear: t he  r e f l e c t e d  c h a r a c t e r i s t i c  LM, and t h e  flow l i n e  LN. Char- 
a c t e r i s t i c  LM is  i n  tu rn  r e f l e c t e d  from the wal l ,  e t c .  

The 

A s  t h i s  

Figure 1. Pic tu re  of  Flow During Supersonic Flow 
About a B l u n t e d  Body 

Also, s i n g u l a r i t i e s  may occur i n  the shock l aye r ,  r e l a t e d  t o  the  presence 
/208 of  a t h i n  vortex l aye r  near  t h e  sur face  of t h e  body, the  formation of  l i m i t  - 

l i n e s ,  hanging shock waves, e t c .  

Inves t iga t ion  of t h i s  type o f  s ingu la r i ty  is more n a t u r a l l y  and conveni- 
e n t l y  performed using t h e  c h a r a c t e r i s t i c s  method. 
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In t h i s  work, we analyze one poss ib le  scheme f o r  using t h e  c h a r a c t e r i s t i c s  
method f o r  t h e  ca l cu la t ion  of s t a b l e ,  two-dimensional vortex flows. Since t h e  
r e s u l t s  from ca lcu la t ions  o f  the  flow about blunted bodies by i d e a l  gases,  
p a r t i c u l a r l y  equi l ibr ium gases ( a t  Mach numbers L 2 6) a r e  of  considerable  
i n t e r e s t ,  t h e  c h a r a c t e r i s t i c s  method scheme was s e l e c t e d  such t h a t  t h e  cor re-  
sponging d i g i t a l  computer program i s  universa l ,  i . e .  can be  used t o  c a l c u l a t e  
flows e i t h e r  with o r  without considerat ion o f  equi l ibr ium physical  and chemical 
reac t ions .  Certain r e s u l t s  of the  ca lcu la t ions  o f  flow about blunted f l a t  and 
axisymmetrical bodies by a supersonic flow of an i d e a l  (Y = 1.4) and equilibrium 
gas ( a i r )  a r e  presented. Some of t h e  data  presented were produced using t h e  
ne t s  method, as used i n  [4].  
ca l cu la t ion ,  and they a r e  compared with ce r t a in  conclusions from t h e  theory of 
hypersonic flows. 

A n  analys is  is presented of the  r e s u l t s  of 

$1. Calculat ion Method 

Let us wr i te  a system of gas dynamics equations f o r  a s t a b l e  flow o f  an 
i n v i s c i d  and non-heat conducting gas considering the  equi l ibr ium physical-  
chemical r eac t ions  i n  t h e  following form [4]:  

d In p 

is  a known funct ion.  

In  the  p a r t i c u l a r  case K = 7 = const,  w e  produce a system of  equations 
corresponding to t he  flow of an i d e a l  gas. 

In  order  t o  approximate the  e f f ec t ive  i sen t ropy  index K and o the r  equi- 
l ib r ium thermodynamic func t ions ,  l e t  us use a method suggested i n  [4].  

The d i f f e r e n t i a l  equations of the  c h a r a c t e r i s t i c s  and r e l a t ionsh ips  based 
on them can be represented i n  the  following form: 
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along the characteristics of the first and second sets; and 

d I /  

dx 
&-- - tgo, 

along the flow lines; 

K = K ( p , p )  is a known function; 

where j = 0 for a two-dimensional flow and j = 1 for an axisymmetrical flow. In 
the above relationships, we have used the usual symbols: x,y are cylindrical o r  
Cartesian coordinates; 1.1 = arcsin 1/M is the Mach angle; w is the modulus of the 
velocity vector; 8 is the inclination angle of the velocity vector to the x 
axis. 

Let us introduce the new desired functions 

0 5 =ctgy, b. = tg- 4 '  

similar to those suggested by Ehlers [12]. 

In order that the characteristics method might allow us to use a single 
program to calculate flows with or without consideration of equilibrium physical 
and chemical reactions, let us select the following functions as those to be 
sought: x, y, ti,, p, P ,  w. Now, in consideration of ( 3 ) ,  the main system of 
equations (2) can be written in the form 

/209 

along the characteristics of the first and second sets; and 
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along t h e  flow l i n e ;  

K = K (p ,p)  i s  a known funct ion ,  

where 

The boundary condi t ions of  the  problem are: a t  the  sur face  of t h e  body 
f ixed  by equation y = @(x),  t h e  condi t ion of zero flow through t h e  su r face  

. .  . 
c - u q  = 0, 

and a t  t h e  shock wave, t h e  primary laws of conservat ion 

I 
u, - u, + F,(L - u,) = 0. . 

where the  subsc r ip t  
subsc r ip t  w t o  the  parameters immediately beyond t h e  shock wave; the  subsc r ip t  x 
r ep resen t s  d i f f e r e n t i a t i o n  with respec t  t o  x; y = F(x) i s  t h e  equat ion f o r  t h e  

and y axes respec t ive ly ;  wn i s  the  component of  t h e  ve loc i ty  vec to r  perpendicu- 

r e l a t e s  t o  t h e  parameters of  t he  unperturbed flow, the  

I su r face  of t he  shock wave; u,  v a r e  pro jec t ions  of ve loc i ty  vec to r  w on the  x 

l a r  t o  t h e  shock wave sur face :  
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In  t h e  case of  flows o f  an equilibrium gas,  w e  must add t h e  following 
dependence t o  formulas ( 6 )  : 

In  performing our  ca l cu la t ions ,  i n  place o f  t h e  t h i r d  r e l a t i o n s h i p  o f  (6), 
we use  t h e  following dependence, ca lcu la ted  i n  advance f o r  a d i r e c t  compression 
jump: 

which was approximated 
accuracy o f  0.1-0.5%. 

by s e c t o r s  us ing  second power polynomials with an 

As i s  shown i n  [4  , dependence (7)  can be q u i t e  simply and economically 
approximated throughout t h e  e n t i r e  range o f  p ressures  and temperatures o f  
t a b l e s  [13-151. Then, t he  equat ions on the shock wave can be solved us ing  
system (6)- (7) .  This e l imina tes  t h e  necess i ty  o f  f i x i n g  dependence (8) i n  
advance, and makes i t  poss ib l e  t o  ca lcu la te  flows i n  which equi l ibr ium phys ica l  
and chemical conversions o f  t h e  gas have an e s s e n t i a l  r o l e  t o  p lay  i n  t h e  
oncoming stream. 

As w e  know, t h e  c h a r a c t e r i s t i c s  method inc ludes  t h e  s o l u t i o n  o f  t he  
fol lowing b a s i c  problems: ca l cu la t ion  o f  an i n t e r n a l  po in t  i n  t h e  f i e l d ,  
loca ted  a t  t h e  i n t e r s e c t i o n  of  t h e  two c h a r a c t e r i s t i c s  of  t h e  d i f f e r e n t  s e t s ;  
c a l c u l a t i o n  of a p o i n t  ly ing  on the  surface o f  t h e  body; ca l cu la t ion  of a po in t  
on the  shock wave. In  order  t o  ca l cu la t e  t h e  values  o f  q u a n t i t i e s  x ,  y, a,, p ,  
P and w at  some poin t  "c" on t h e  b a s i s  of t h e i r  known values  a t  po in t s  r rarf  and 
"b , I 1  t h e  corresponding d i f f e r e n t i a l  equations o f  system (4) are represented i n  
f i n i t e - d i f f e r e n c e  form. The system of  equations produced i s  solved by t h e  
i t e r a t i o n s  method, all t h e  c o e f f i c i e n t s  in  t h e  f irst  i t e r a t i o n  being determined 
from va lues  of t he  funct ions a t  po in t s  l'a'l and "b" r e spec t ive ly ;  i n  subsequent 
approximations, t h e  mean values  o f  t he  coe f f i c i en t s  f o r  po in t s  rrarr  and r l ~ "  o r  
lfbll and l l c l l  a r e  taken. 
c i e n t  t o  make t h r e e  approximations. 
po in t  o f  i n t e r s e c t i o n  of t h e  flow l i n e s  o r ig ina t ing  a t  po in t  r r ~ "  with t h e  l i n e  
on which a l l  gas parameters have a l ready  been ca l cu la t ed  (ca lcu la ted  charac te r -  
i s t i c  o r  l i n e  of i n i t i a l  da ta )  i s  performed us ing  quadra t i c  i n t e r p o l a t i o n  with 
r e spec t  t o  t h e  corresponding nodal po in ts  ly ing  on t h i s  l i n e .  

In order  t o  produce good accuracy, it i s  usua l ly  s u f f i -  
Determination of t h e  parameters a t  t he  

A l l  c a l cu la t ions  were performed along t h e  c h a r a c t e r i s t i c s  o f  t h e  second 
se t .  
nodal p o i n t s  on t h e  c h a r a c t e r i s t i c  can occur. 
i b r a t i o n  o f  po in ts  was performed pe r iod ica l ly  us ing  quadra t i c  i n t e rpo la t ion .  
Equ i l ib ra t ion  was genera l ly  performed on r e f l e c t e d  c h a r a c t e r i s t i c s  o f  t h e  second 

I n  t h e  process of  ca l cu la t ions ,  strong v a r i a t i o n s  i n  t h e  loca t ions  of t h e  
In  connection with t h i s ,  equ i l -  
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s e t ,  corresponding t o  var ious discontinuous c h a r a c t e r i s t i c s  of t he  f i r s t  s e t  
( f o r  example, c h a r a c t e r i s t i c  LM -- see Figure 1 ) .  

The value of K was ca l cu la t ed  by quadrat ic  i n t e rpo la t ion  with respec t  t o  
values K = 

t i o n  of pressure  and dens i ty  (see [4] ) .  
i s  on the  order  of 1%. 
index throughout t he  e n t i r e  range of parameters, approximately 300 d i g i t a l  
computer memory loca t ions  were used i n  [13-151. 

~ ~ ( Z n p i ’  q . )  determined from the  t a b l e ,  where q i s  a c e r t a i n  func- 
k J 

The accuracy of  t h e  approximation of  K 
Here, i n  order  t o  approximate t h e  e f f e c t i v e  i sen t ropy  

Times required f o r  ca l cu la t ion  o f  the flow around a b lun t  body by equ i l ib -  
rium and i d e a l  gases a re  p r a c t i c a l l y  iden t i ca l .  

The i n i t i a l  da t a  on ray  OG (see Figure 1) both i n  t h e  case of equi l ibr ium 
a i r  and i n  the  case of an i d e a l  gas were calculated by t h e  method suggested by 
G .  F.  Telenin [16-181. 

The v e l o c i t i e s  were r e l a t e d  t o  t h e  value o f  t h e  c r i t i c a l  speed of  sound a,, 

ca l cu la t ed  for an i d e a l  gas with constant ad iaba t i c  index Y = 1.4;  t he  dens i ty  
was r e l a t e d  t o  the  dens‘ity of t he  oncoming flow; pressure  was r e l a t e d  t o  the  
quan t i ty  &a:. In  ca l cu la t ing  flow around b lun t  bodies both by i d e a l  and by 

equi l ibr ium gases,  a l l  parameters were re la ted  t o  these  q u a n t i t i e s .  

A l l  checks of t h e  so lu t ion  ( s imi la r  t o  those  performed i n  [3-51) as well as  
comparisons with t h e  r e s u l t s  of  ca lcu la t ions  by t h e  ne t s  method [3-51 showed 
t h a t  t h e  accuracy of the d a t a  produced i s  on t h e  order  o f  1%. 

9 2 .  Results of  Calculat ions,  Some Specif ic  Features o f  t h e  F l o w  of  Equilibrium 
and Ideal Gases Around Fla t  and Axisyrnrnetrical B l u n t  Bodies 

- /212 

In  correspondence with t h e  c h a r a c t e r i s t i c s  method out l ined ,  a program was 
composed f o r  a d i g i t a l  computer and ca lcu la t ions  of t h e  flow around two- 
dimensional ( j  = 0) and axisymmetrical ( j  = 1) bodies were ca l cu la t ed  using 
var ious forms of b lunt ing  of t he  f r o n t  portion of  t h e  body, f o r  a supersonic  
flow o f  an i d e a l  (7 = 1.4) o r  equilibrium gas ( a i r ) .  

The number of nodal po in t s  on the  c h a r a c t e r i s t i c s  i n  t h e  second s e t  was 
var ied  from n = 40 t o  n = 200, depending on t h e  na ture  of t h e  flow being 
s tudied .  

The ca l cu la t ions  of t h e  flow of an idea l  gas around wedges blunted i n  t h e  
form of  a c i r c l e  were performed i n  t h e  range of Mach numbers rCa. = 4-20 with ha l f  
apex angle  u = -2Oo-+2o0. 

The flow around blunted cones by a stream of  an i d e a l  and equi l ibr ium gas 
was inves t iga t ed  i n  the  range of Mach numbers bL = 6-w, of  h a l f  apex angles 
P = -3Oo-+2O0, of pressures  i n  the  oncoming stream p = 0.0001-1.0 ba r ,  of 
temperatures T, = 200-300°K. The blunting s tudied  had the  form of e l l i p s o i d s  of 

7 
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r o t a t i o n ,  t h e  r a t i o  o f  t h e  v e r t i c a l  and hor izonta l  axes varying wi th in  l i m i t s  
1 /3  < 6 < 3. 

Let us analyze some s p e c i f i c  fea tures  o f  t h e  flow of  t he  gas around t h e  
two-dimensional and axisymmetrical b lunt  bodies us ing  t h e  r e s u l t s  of c a l c u l a t i o n  
shown on Figures  1-12 .  

F i r s t  o f  a l l ,  l e t  us note  t h e  r e l a t i v e  inc rease  i n  th ickness  of t h e  shock 
l a y e r  i n  t h e  case o f  two-dimensional f low.over  t h e  corresponding axisymmetrical 
gas flow (c f .  Figure 1 and the  da t a  of  [4]). 

The d i s t r i b u t i o n  of pressure  on t h e  sur face  of  t h e  wedge and on t h e  shock 
wave i s  shown on Figure 2.  
of  t h e  cy l inde r  with the  wedge, and readings on t h e  x a x i s  are given i n  u n i t s  of  
t h e  b lun t ing  rad ius .  
vec to r  of  t h e  oncoming stream. 

The value x = 0 corresponds t o  t h e  po in t  of  contac t  

The x a x i s  i s  always d i r e c t e d  p a r a l l e l  t o  t h e  ve loc i ty  

A s  we can see from t h e  d a t a  on Figure 2 ,  i n  t h e  area of  t h e  poin t  of 
contac t ,  i n  t he  downstream d i r e c t i o n ,  a considerable p o s i t i v e  p re s su re  grad ien t  
develops. In  connection with t h i s ,  t h e  c h a r a c t e r i s t i c s  of  t h e  f i r s t  se t ,  having 
t h e i r  o r i g i n  a t  t h e  wall i n  t h e  a r e a  of the po in t  o f  contac t ,  have a tendency t o  
converge. Since t h e  shock l aye r  i s  r a the r  t h i c k  i n  t h e  case of  flow around two- 
dimensional bodies ,  before  t h e  discontinuous c h a r a c t e r i s t i c  HL (Figure 1) 
reaches t h e  sur face  o f  t h e  head shock wave, t h e  c h a r a c t e r i s t i c s  o f  t h e  f i rs t  s e t  
may begin i n t e r s e c t i n g ,  leading t o  t h e  appearance of a l i m i t  l i n e  and t h e  
formation o f  a hanging shock wave i n  t h e  flow. 
observed i n  ca l cu la t ing  flow around a wedge with a c y l i n d r i c a l  b lunted  t i p  and 
var ious  angles  (J a t  M., = 4 .  

This type of s i n g u l a r i t y  was 
/ 2 l 3  - 

With l a r g e r  K numbers, t h e  shock layer  becomes considerably th inne r ;  
t he re fo re ,  genera l ly  speaking, t h e  in t e r sec t ion  of  c h a r a c t e r i s t i c s  may not  
occur.  
observed, i n  c o n t r a s t  t o  t he  s i t u a t i o n  which obtained a t  M., = 4 (see Figure 2) .  

I n  p a r t i c u l a r ,  where K = 20, (7 = 20°, t h i s  s i n g u l a r i t y  was not  

The d a t a  on Figures 1 and 2 a l s o  c l ea r ly  i l l u s t r a t e  t he  propagation o f  t h e  
weak pe r tu rba t ion  (d iscont inui ty  o f  f i rs t  d e r i v a t i v e s  of  gas parameter r e s u l t i n g  
from d i s c o n t i n u i t y  i n  curvature  o f  contour a t  po in t  H where cy l inder  contac ts  
wedge) from t h e  surface o f  t h e  body into t h e  flow, and i t s  r e f l e c t i o n  from the  
head shock wave and from the  wall. 
reaches t h e  shock wave and r e s u l t s  i n  the appearance of a considerable  p o s i t i v e  
pressure  g rad ien t  downstream from t h i s  point .  The r e f l e c t e d  c h a r a c t e r i s t i c  of 
t h e  second se t  a r r i v e s  a t  t h e  body surface a t  po in t  M;  when it i s  r e f l e c t e d  from 
t h e  shock wave, i n  correspondence with t h e  conclusions o f  t h e  theory of  hyper- 
son ic  flows [19],  t h e  per turba t ion  changes i t s  s ign  and becomes considerably 
weaker. 
next  discont inuous c h a r a c t e r i s t i c s  of the f irst  s e t  a t  t h e  su r face  o f  t h e  head 
shock wave. This c h a r a c t e r i s t i c  MM' i s  i n  t u r n  r e f l e c t e d  from t h e  shock wave, 
e tc .  

A t  point L ,  t h e  discontinuous c h a r a c t e r i s t i c  

Poin t  M' on Figures 1 and 2 corresponds t o  t h e  po in t  of a r r i v a l  of t h e  

8 



Figure 2.  Dis t r ibu t ion  of 
Pressure on Surface o f  Body and 

Figures 3-6  show t h e  r e s u l t s  of 
comparison of t h e  f i e l d s  o f  gas 
parameters p ,  6 *, P and t h e  M number 

along t h e  c h a r a c t e r i s t i c s  of  t h e  
second s e t  i n  t h e  case of two- 
dimensional and axisymmetrical flow. 
The coordinate  F; = (x - xs)/(xw - 
- xs) ,  where t h e  subsc r ip t s  s and w 

mean t h a t  t h e  po in t  belongs t o  t h e  
su r face  of t h e  body o r  t o  t h e  shock 
wave. Figure 3 a l s o  shows the  values  1214 
of  xs corresponding t o  t h e  t h r e e  

c h a r a c t e r i s t i c s  1, 2 and 3 of  the  

i 

on Shock Wave w i t h  Flow Around a two-dimensional flow and t h r e e  char- 

axisymmetrical gas flow. 
B l u n t  Wedge a c t e r i s t i c s  l ' ,  2 '  and 3' of t h e  

In t h e  case of a two-dimensional f low,  t h e  d a t a  on Figures 3-6  c l e a r l y  
i l l u s t r a t e  the  na ture  o f  t h e  change i n  gas parameters i n  each o f  t he  a reas  shown 
on Figure 1 and separated from each other  by the  weak d i scon t inu i ty  su r faces :  
t he  discontinuous c h a r a c t e r i s t i c  of the  f i r s t  s e t  HL, flow l i n e  LN,  r e f l e c t e d  
discontinuous c h a r a c t e r i s t i c  M M ' .  
d i s c o n t i n u i t i e s  a r e  considerably weaker and t h e  p i c t u r e  of t h e  f i e l d  of  
parameters i s  not  as c l e a r  as with two-dimensional gas flow. 

With axisymmetrical flow, the  corresponding 

Analysis o f  t he  r e s u l t s  produced allows us t o  determine not  only t h e  
q u a n t i t a t i v e ,  bu t  a l s o  the  q u a l i t a t i v e  d i f fe rences  i n  t h e  na ture  of t h e  movement 
of  t h e  gas i n  the  vor tex  layer  i n  the  case of  flow around two-dimensional and 
axisymmetrical b lunt  bodies.  This d i f fe rence  is as fol lows.  . 

With axisymmetrical flow, s ince  the  flow r a t e  o f  t he  high entropy gas 
passing through t h e  s t rong  shock wave near t h e  t i p  of  t he  body i s  f i n i t e ,  due t o  
outward flow along the  s i d e  sur face  of the cone, a t h i n  l aye r  i s  formed near  t h e  
wall (usual ly  c a l l e d  t h e  vortex o r  entropy layer )  with high t r ansve r se  grad ien ts  
o f  pressure  and ve loc i ty .  The formation of t h i s  layer  can be e a s i l y  seen on 
Figures 5 and 6 .  I t  is  i n t e r e s t i n g  t h a t  throughout almost t h e  e n t i r e  shock 
l aye r ,  t h e  flow l i n e s  a r e  d i rec ted  toward t h e  body (Figure 4 ) ,  i . e .  as the  
length of  t he  blunted cone increases ,  the vortex layer  becomes ever th inner .  

A d i f f e r e n t  p i c t u r e  i s  observed w i t h  flow around a blunted wedge. In  the  
i n i t i a l  s e c t o r  of t he  shock layer ,  t he  flow l i n e s  a r e  even d i r e c t e d  away from 
t h e  body (Figure 4 ) ;  thus ,  t h e  gas p a r t i c l e s  which have passed through t h e  
s t rong  shockswave tend t o  occupy a r e l a t i v e l y  g r e a t e r  po r t ion  of t he  shock 
l aye r ,  and only with r a t h e r  high values of x do the  d i r e c t i o n s  of t h e  ve loc i ty  
vec to r s  become almost cons tan t ,  p a r a l l e l  t o  t he  genera t r ix  of t h e  wedge. This 
means t h a t  i n  t h e  physical  coordinates x and y ,  t he  thickness  of  t h e  vor tex  
l aye r  o f  gas does not  decrease although, i f  we use t h e  r e l a t i v e  coordinate  F; 
int roduced above, with increas ing  x t h i s  l a y e r  w i l l  occupy a smal le r  f r a c t i o n  of 

/215 - 
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t he  shock l aye r  with respec t  t o  t ,  s ince  the  absolu te  s i z e  of t h e  shock l a y e r  
increases .  

Figure 3 .  Dis t r ibu t ion  o f  Figure 4.  Dis t r ibu t ion  o f  
6 Along Charac t e r i s t i c s  Pressure Along Character- 

i s t i c s  o f  Second Set o f  Second S e t  (symbols a s  
on Figure 3 )  

8 

Consequently, with flow around a blunted wedge, t h e  vortex l aye r ,  i n  t he  
sense i n  which it is usua l ly  used f o r  axisymmetrical bodies ,  i s  absent,  and i n  
i t s  p lace  a t  l a rge  values  of wedge length we f ind  a gas l aye r  of approximately 
constant  thickness  ( in  physical  coordinates x ,y ) ,  which has passed through t h e  
s t rong  shock wave near  t he  bow por t ion  of t he  body ( f o r  example, t he  gas layer  
a r r i v i n g  a t  t h e  shock wave from the  plane of  symmetry y = 0 t o  poin t  L or  
M' -- s e e  Figures 1 and 2 ) .  

/ 2 l 7  - 

The d a t a  on Figures 5 and 6 a l so  show t h a t  ac tua l ly  the  computational 
d i f f i c u l t i e s  noted i n  [3-51 r e l a t e d  t o  the na tu re  of t h e  gas flow i n  t h e  
entropy l a y e r  a r e  of  t h e  same order  of  magnitude both f o r  the  n e t s  method and 
f o r  t h e  c h a r a c t e r i s t i c s  method. 

In  t h e  case of  flow around a blunted body by an i d e a l  gas, any gas dynamics 
parameter i n  the  shock l aye r  depends, general ly  speaking, on coordinates  x ,y ,  
t he  form of  the  b lunt ing ,  the  c h a r a c t e r i s t i c  angle  of i n c l i n a t i o n  o f  gene ra t r ix  

10 



P t h e  M., number and t h e  r a t i o  of  s p e c i f i c  h e a t  capac i t i e s  Y. If equi l ibr ium 
physical-chemical reac t ions  a r e  taken in to  cons idera t ion ,  t he  pressure  and 
temperature i n  t h e  oncoming stream must be added t o  t h e  number of primary 
determining parameters,  as wel l  as a parameter consider ing t h e  thermodynamic 
p rope r t i e s  of the  gas being examined (an analog of t h e  ad iaba t i c  index 7). 

I 

Figure 5. Dis t r ibu t ion  of  Figure 6 .  Dis t r ibu t ion  of  
Dens i ty  Along Charac te r i s t i c s  
of Second S e t  (symbols as  on a c t e r i s t i c s  o f  Second Se t  

Figure 3) 

M Numbers Along Char- 

(symbols as  on Figure 3) 

Using t h e  concepts concerning a strong explosion and an uns tab le  analog t o  
the  methods of t h e  theory of hypersonic flows, c e r t a i n  asymptotic r e l a t ionsh ips  
have been produced -- t h e  so-ca l led  s i m i l a r i t y  laws [19], which a r e  q u i t e  u se fu l  
f o r  t he  ana lys i s  and processing o f  experimental and ca lcu la ted  da ta .  
s i m i l a r i t y  law s t a t e s  t h a t  f o r  a f f ine-s imi la r  bodies ( regardless  o f  t h e  form of 
the  b lunt ing  of t he  bow) t h e  values  o f  r e l a t i v e  pressure  on t h e  body su r face  

7 ) y  r e l a t i v e  inc l ina t ion  of the  head wave t o  the  d i r e c t i o n  of 
t he  oncoming stream t = t an  o/r and r e l a t i v e  drag coe f f i c i en t  c*x = CX/7*  

The 

I - p//P-w: 2 p = (P, 

I - /219 
depend, i n  the  case of an i d e a l  gas 
1) = (x/d)r2 and Y .  The quant i ty  w.. r epresents  the  ve loc i ty  vec tor  

on th ree  dimensionless parameters: k = ra. T, ' 

0 
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modulus of t he  unperturbed flow, and T [ s i c  - -  T r . ]  a r e  the  r e l a t i v e  
thicknesses  of the  body, u is  t h e  angle  of i n c l i n a t i o n  of t he  shock wave t o  t h e  
x ax i s ,  Cxo i s  t h e  drag c o e f f i c i e n t  of the  b lun t  po r t ion ,  and d i s  t h e  diameter 

of t he  b l u n t g o r t i o n .  
of P,  5 and Cx w i l l  depend only on two parameters: TI and y .  

thicknesses  of the  body, we s e l e c t  the  values T = t a n  P and T *  = s i n  P .  

In  p a r t i c u l a r ,  where rCa. = m f o r  b lunt  cones, t he  values  
As r e l a t i v e  

Figures 7-12 show some r e s u l t s  of inves t iga t ions  i n  va r i ab le s  of  s i m i l a r i t y  
f o r  t he  flow around b lun t  cones by a stream of an equi l ibr ium and i d e a l  gas. 
Two c h a r a c t e r i s t i c  v a r i a n t s  were se l ec t ed  as t h e  primary v a r i a n t s :  i n  t he  case 
of t h e  i d e a l  gas ,  6 = 1, P = l o " ,  K = m (or  20), y = 1..4; i n  t h e  case of  
equi l ibr ium a i r ,  6 = 1, P = l o " ,  bL = 20, F = 0.01 b a r ,  T, = 250°K. In 
performing ca l cu la t ions ,  a l l  parameters i n  these  v a r i a n t s  were f ixed  with the  
exception of  one parameter (taken i n  turn)  which was va r i ed  over t h e  range of 
change ind ica ted  above. 

/220 Analysis of t he  d a t a  on Figures 7-12 shows t h a t  i n  s i m i l a r i t y  va r i ab le s ,  - 
t h e  curves converge s t rongly ,  although the d i f f e rences  do remain not iceable .  
In p a r t i c u l a r ,  the  r e s u l t s  produced are  qui te  hopeful i n  t h e  sense o f  t h e  
usage of  t h i s  type of processing of da t a  t o  determine the  d i s t r i b u t i o n  of gas 
parameters with good accuracy with o the r  forms of bow blunt ing  on t h e  bas i s  
of t h e  r e s u l t s  produced without performing add i t iona l  ca l cu la t ion  (curves 5, 
7 ,  8 on Figures 9-12). The correspondence of t hese  curves with var ious angles 
P and numbers rVa. with f ixed  values of t he  remaining parameters i s  a l s o  satis-  
f ac to ry ,  bu t  not as good as occurred i n  the inves t iga t ion  of t h e  inf luence  of 
the  form o f  b lunt ing .  
performed, t he  condi t ion of s i m i l a r i t y  was not  maintained i n  many v a r i a n t s  
f o r  a l l  of the  dimensionless determining parameters included i n  the  law of 

important where M, < 00. 

I t  should be noted t h a t  when t h e  inves t iga t ions  were 

/22 1 s i m i l a r i t y ,  i n  p a r t i c u l a r  f o r  the  parameter k = I& t a n  P ,  which becomes - 

Thus, t h e  s i m i l a r i t y  va r i ab le s  i n  the case  of t h e  flow of both an i d e a l  
l and an equi l ibr ium gas can be successful ly  used t o  produce var ious gas dynamic 

q u a n t i t i e s  with s u f f i c i e n t  accuracy using da ta  a l ready ava i l ab le .  
i n  order  t o  provide high accuracy over a broad range o f  parameters, it 
i s  s t i l l  necessary t o  accumulate r a t h e r  voluminous numerical mater ia l .  

Nevertheless,  

1 2  
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F i g u r e  7.  Pressure on Sur face o f  B lunted Cone 
i n  S i m i l a r i t y  Va r iab les  for  t h e  Case o f  F l o w  
o f  an I d e a l  and E q u i l i b r i u m  Gas ( A i r )  
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Figure 9. Drag Coeff ic ient  of B l u n t e d  Cone i n  S i m i l -  
a r i t y  Variables (symbols as on Figure 7) 

Physical  and chemical processes  inf luence s t rong ly  t h e  flow of  t h e  gas 
around a blunted body. F i r s t  of a l l ,  as was noted ea r l i e r  i n  [4], t h e  area of 
in f luence  o f  b lunt ing  i s  reduced s i g n i f i c a n t l y .  
produced t h e o r e t i c a l l y  [19] i n  an ana lys i s  o f  flows with var ious r a t i o s  of  
hea t  c a p a c i t i e s  7 .  I n  connection with t h i s ,  i n  t he  a r e a  of  t h i s  in f luence ,  
parameters P ,  5 and rx ca lcu la t ed  with and without cons idera t ion  of physical-  

chemical r eac t ions  d i f f e r  s t rong ly  from each o ther ,  as we can see on 
Figures  7-12. I n  p a r t i c u l a r ,  with equilibrium flow t h e  drag c o e f f i c i e n t  of  a 
blunted cone may exceed t h e  drag coe f f i c i en t  of  t h i s  same cone pene t r a t ing  
an i d e a l  gas with 7 = 1.4 by 10% o r  more (Figures 9 and 12).  Comparison of 
curves 2, 3 and 4 on Figures  7-9 and 10-12 shows t h a t  t h e  inf luence  of  pressure  
and temperature i n  t h e  oncoming stream is n o t  t o o  g rea t  within t h e  range of  
change of  t hese  parameters which we analyzed, and can be  e a s i l y  considered us ing  
var ious  types  of co r rec t ing  coe f f i c i en t s .  

A similar conclusion was 

- /223 

The s o l u t i o n s  from t h e  theory of hypersonic flows [19] ind ica ted  t h e  
presence o f  a drag minimum f o r  a blunted cone. According t o  t h e  theory,  t h e  
r e l a t i v e  decrease i n  t h e  drag coe f f i c i en t  may reach 10% i n  comparison with a 
corresponding sharp cone. 

The r e s u l t s  of ca l cu la t ions  shown on Figures  9 and 1 2  confirm t h i s  
conclusion o f  t h e  theory q u a l i t a t i v e l y :  with hypersonic flow around a blunted 
cone, t he  drag coe f f i c i en t  a c t u a l l y  does have a minimum -- see curves 5,  7 and 
8 on Figure 1 2 .  

15 



F igu re  10. Pressure on Surface o f  B lun ted  Cone i n  S i m i l -  
a r i t y  Va r iab les  i n  Case o f  Flow o f  Idea l  and E q u i l i b r i u m  

Gas ( A i r )  

111 bo c.8 o T m  [" I(] MC-2 c Xn 41 I 

1-25 0,924 250 5-20 0.905 1 , 
2-20 0.926 200 7-a3 0,420 '/3 

3-20 0,926 300 8-m 0,569 0,s 

F-I5 0,9 I7 250 
9-10 0.933 250 

10-0 0,902 250 

4-20 0,926 250 

As t h e  b lunt ing  i s  increased'(corresponding t o  an increase i n  C xo 
angle  P is decreased (curves 6 and 8 on Figure 9 and curves 5, 7 and 8 
Figure 12) t h i s  s i n g u l a r i t y  appears more c l e a r l y ;  t h e  minimum appears a t  

) and 

on 

P 5 l o o .  

Consideration of equi l ibr ium physical-chemical reac t ions  r e s u l t s  i n  a 
sharp decrease i n  t h e  a rea  of inf luence of t h e  b lunt ing ,  and the drag minimum 
i s  no t  observed. 

16 



F i g u r e  1 1 .  I n c l i n a t i o n  o f  Head Wave t o  D i r e c t i o n  o f  
Oncoming Stream i n  S i m i l a r i t y  V a r i a b l e s  fo r  F l o w  

Around B lun ted  Cone (symbols as on F i g u r e  9)  
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